T he structure and morphology of any functional material can be directly correlated with its properties, including organic solids such as polymers and metal-organic frameworks [1] [2] [3] . However, direct imaging using conventional electron microscopy methods to study structural ordering at the level of individual defects and nanoscale domains is not routine for organic solids or other soft materials in the same manner as it is for inorganic or hard materials such as metals and ceramics. This difficulty is typically due to the complex (and often hierarchical) internal structure in organic solids and the inherent sensitivity to electron-beam-induced damage in organic materials. Thus, new and more robust methods for systematically investigating structure are necessary. Towards this end, we demonstrate the 'four-dimensional scanning transmission electron microscopy' (4D-STEM) technique 4 for the controlled, systematic and straight-forward investigation of nanoscale order in hierarchical, organized organic matter systems. As their electronic properties depend highly on their crystallographic geometry, organic semiconductors exemplify the need for improved understanding of the link between structural and functional properties in solid thin films across a multitude of length scales ideally suited for study by electron microscopy methods.
T he structure and morphology of any functional material can be directly correlated with its properties, including organic solids such as polymers and metal-organic frameworks [1] [2] [3] . However, direct imaging using conventional electron microscopy methods to study structural ordering at the level of individual defects and nanoscale domains is not routine for organic solids or other soft materials in the same manner as it is for inorganic or hard materials such as metals and ceramics. This difficulty is typically due to the complex (and often hierarchical) internal structure in organic solids and the inherent sensitivity to electron-beam-induced damage in organic materials. Thus, new and more robust methods for systematically investigating structure are necessary. Towards this end, we demonstrate the 'four-dimensional scanning transmission electron microscopy' (4D-STEM) technique 4 for the controlled, systematic and straight-forward investigation of nanoscale order in hierarchical, organized organic matter systems. As their electronic properties depend highly on their crystallographic geometry, organic semiconductors exemplify the need for improved understanding of the link between structural and functional properties in solid thin films across a multitude of length scales ideally suited for study by electron microscopy methods.
The low cost, low density, flexibility and manufacturability of polymers and organic molecular solids make them attractive materials for applications in photovoltaics [5] [6] [7] , integrated circuits 8 , light-emitting devices 9 , bioelectronics and thermoelectrics, as alternatives to conventional metals and semiconductors. In wellperforming organic semiconductors, both the molecular structure and processing must be extensively optimized for a particular application. Intramolecular electronic and excitonic transport is typically directed along the conjugated backbone of a molecular or polymeric system, while intermolecular interactions allow charges and excitons to couple across molecules and travel through larger scales [10] [11] [12] [13] . It follows that the geometry and configuration of the molecules relative to one another dictate excitation transfer pathways. Understanding how low-dimensional and highly anisotropic semiconductors can form well-connected and robust morphologies remains a great challenge in the manipulation and creation of new topologies for the realization of increasingly efficient charge and energy transport in organic materials.
In this study, we characterized the nanostructure and defects of two organic semiconductor thin-film systems. The first is a small molecule, 7,7′-(4,4-bis(2-ethylhexyl)-4H-silolo [3,2- 14 , classically abbreviated as p-DTS(FBTTh 2 ) 2 in the literature, and in this Article denoted as T1, under two different processing conditions using 4D-STEM. The second system is a polymer thin film, poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno [3,2-b] thiophene] (PBTTT) 15 , both in the ascast and annealed conditions. Our results demonstrate the ability to characterize the structure of organic materials with nanometre resolution using electron microscopy and show how the arrangement of nanoscale domains and their coupling from the nanoscale to mesoscale can be directly visualized for these types of materials system. This type of information is crucial for building structureproperty relationships in this class of materials.
The small molecule under consideration (Fig. 1a) is a wellstudied and well-performing electron donor and is responsible for exciton and hole transport when used in conjunction with an acceptor molecule, such as [6, 6] -phenyl-C 70 -butyric acid methyl ester 16 (PC 70 BM) in bulk heterojunction materials with reported efficiencies up to 12% 12, 17, 18 . The material is known to undergo a lyotropic phase transition during the spincasting process that remains kinetically trapped in the thin film 19 . Polarization-dependent photoconductive atomic force microscopy (AFM) was able to map and estimate the local orientational order at a resolution of ~15 nm and complementary dark-field TEM experiments confirmed the The properties of organic solids depend on their structure and morphology, yet direct imaging using conventional electron microscopy methods is hampered by the complex internal structure of these materials and their sensitivity to electron beams. Here, we manage to observe the nanocrystalline structure of two organic molecular thin-film systems using transmission electron microscopy by employing a scanning nanodiffraction method that allows for full access to reciprocal space over the size of a spatially localized probe (~2 nm). The morphologies revealed by this technique vary from grains with pronounced segmentation of the structure-characterized by sharp grain boundaries and overlapping domains-to liquid-crystal structures with crystalline orientations varying smoothly over all possible rotations that contain disclinations representing singularities in the director field. The results show how structure-property relationships can be visualized in organic systems using techniques previously only available for hard materials such as metals and ceramics.
presence of a liquid-crystalline phase at an even coarser resolution 16 . However, due to the intrinsic and practical limitations of both methods, little is known about the structure on the nanometre scale, such as the morphology, size and mutual arrangement of the crystalline domains. When the samples are processed using a small concentration of the co-solvent 1,8-diiodooctane (DIO), the morphology and functional properties are significantly changed. In the poly(3-hexyl-thiophene-2,5-diyl) conducting polymer system it has been observed that the addition of DIO solvent affects a number of morphological and electronic characteristics of the polymer film 20 . Samples treated with certain concentrations of DIO have shown a decreased viscosity and surface roughness under AFM 21 . The addition of DIO ultimately appears to contribute to a more compact packing of the donor and acceptor phases and an overall more homogeneous film morphology 22 . When DIO was added to a blend of T1 and PC 70 BM, a maximum photocurrent efficiency (PCE) was found for 0.4% DIO, and the addition of PC 70 BM in large quantities appears to disrupt the crystallinity of T1 23 . Most recently it has been reported that the addition of DIO to a similar donor small molecule converts the normally in-plane direction of the backbone to a 50:50 in-plane:out-of-plane orientation of the backbone 24 . However, the nature and spatial distribution of any morphological changes have yet to be explored at high resolution.
Two samples of the T1 molecule, one with DIO treatment (T1 + DIO) and one without, were imaged using the 4D-STEM technique, shown schematically in Fig. 1b . The fragile nature of the samples' crystallinity under the electron beam presents a significant challenge, as did the relatively weak diffraction from the ordered domains. To reduce beam damage, the samples were cooled with liquid nitrogen and the acquisition parameters were empirically tuned to obtain the best diffraction signal possible; a step size of 10 nm was found to be the limit below which the beam started damaging the crystallinity of sample regions not yet exposed to the electron beam, providing the spatial resolution limit for any image resulting from the data (sample preparation and image acquisition parameters are detailed in the Methods). A representative sampling of the diffraction patterns (DPs) obtained are shown in Fig. 1d . Most probe locations exhibited at least one diffraction spot pair corresponding to an in-plane ~3.7 Å π-π spacing of the T1 molecule, indicating a textured thin film. Figure 2 shows how 4D-STEM can extract previously unseen structural information about the small-molecule thin film. The traditional high-angle annular dark field (HAADF) images acquired during a standard capture (square images, Fig. 2a ,b) provide effectively no information about the film's structure. Likewise, virtual dark-field reconstructions measuring the brightness of an annular ring equivalent to the π-π spacing of the T1 molecule (rectangular images, Fig. 2a,b) do not provide any information that can be directly related to the properties of the material. In contrast, the 4D-STEM technique can reveal the underlying structure of the small-molecule films by assigning every pixel of a raster scan to a specific in-plane crystal orientation or distribution of crystal orientations 25 (details of the data analysis are provided in the Methods). Mapping the angle of orientation of the brightest π-π diffraction spot pair for each probe location reveals the impact of DIO on the morphology of the polymer. The sample left to dry without DIO exhibits a structure akin to that of liquid crystals 26 , with ordered domains smoothly twisting over the whole 180° range and over length scales of ~100 nm (Fig. 2c) . Of note are the topological defects that can be visualized (indicated by a subset of diffraction patterns in Fig. 2g ). These singularities represent defect structures called disclinations, which have been extensively modelled 27, 28 and previously observed for this system 16 . Figure 2g shows examples of both + disclinations. Additionally, small overlapping fragments are visible over the entire field of view, with diameters ranging from 10 to 50 nm. The diffraction signals from these grains do not interrupt the larger smoothly twisting grains, indicating that they are located either above or below the primary features.
By contrast, the sample treated with DIO shows a sharply segmented grain structure, with clearly defined grain boundaries and identifiable domains of closely similar orientations that extend over hundreds of nanometres, as seen in Fig. 2d . Although there is still an ~5-10° internal fluctuation in orientation within the grains due to the flexible nature of the molecule, the crystalline domains are now very clearly defined. Low-angle grain boundaries and small angular fluctuations are known to maintain electronic coupling between neighbouring domains better than random orientations 29 . The DPs for this sample also exhibit several distinct lattice reflections at certain probe locations that persist over dozens of real space positions, providing demonstrative evidence that distinct crystalline domains overlap through the film thickness of this sample on the sample size of the probe. Although it is not possible to determine the order of the grains along the beam direction (through the thickness of the film), the line plots presented in Fig. 2e ,f, visualized using flow line methods (often seen in fluid dynamics measurements) 30 , allow us to visualize the molecular chains and understand the continuity of the structure, as each lattice reflection found at (x, y) is represented by a line coloured and oriented according to its lattice orientation angle θ. The lines in these drawings are oriented perpendicular to their reciprocal space reflections and presumably align with the molecular long axis in real space. Although the density of the lines is not indicative of the lattice spacing, their orientation and extent are a direct illustration of the local orientation of the lattice planes, also called the director field 31 . In the T1 + DIO sample, many overlapping domains are visible. Most domains tend to be elongated along a direction close to the molecular backbone axis. Most of the larger domains have a longer axial dimension on the order of micrometres, and a shorter axial dimension of 100-400 nm. Topological singularities were not observed in this sample, but small backbone rotations were observed inside some of the grains (usually <13°). The domains . PBTTT exhibits a liquid-crystalline mesophase in a temperature range determined by the length of its alkyl side chains. We studied the material with 14-carbon-atomlong side chains, which exhibits the mesophase between 140 °C and 248 °C on heating in the bulk. After annealing the film into the mesophase, the mobility increases up to 1 cm 2 V −1 s −1 and dramatic microstructural changes are observed by X-ray diffraction and AFM. In particular, annealing leads to an increase in the diffraction signal and the formation of large terraces, indicating an enhancement in order of the material. We fabricated films following the same protocol and thicknesses used to make thin-film transistors and then transferred them to a TEM grid for microstructural characterization. To compare the microstructures we studied two conditions: as-cast and annealed in the liquid-crystal phase at 180 °C.
The construction of flow line maps, as explained earlier, reveals dramatic differences in the microstructure at the mesoscale (Fig.  3) , which are correlated with the charge transport properties of the films. In the as-cast film, no mesoscale order is observed. When annealed in the mesophase, the polymer shows enhanced mesoscale ordering with domains spanning hundreds of nanometres. Interestingly, the regions of order blend smoothly into each other by continuous backbone deformation similar to the T1 sample, clearly seen by comparing Figs. 2e and 3f. Orientational correlation is an important functional parameter in PBTTT. Indeed, using polarized soft X-ray scattering, it has been shown that the mobility in PBTTT thin films correlated with backbone orientational correlation 32 . Although polarized soft X-rays do not require crystalline material and are a powerful method for investigating orientational order, the dipole nature of the interaction precludes distinguishing between amorphous material and well-ordered layers overlapping at high angles. In comparison, a 4D-STEM data set provides additional information on the heterogeneity of the microstructure and can provide a great wealth of quantitative microstructural properties.
The morphological differences are further emphasized in the autocorrelation study shown in Fig. 4 . By correlating the lattice orientations at each probe location to those of all other probe locations, a map of the probability of finding the same orientation at a distance Δr and a misorientation Δθ is computed according to the autocorrelation function: where I(r,θ) is the measured intensity of the orientation distribution of the lattice vectors, … θ r , is an average over all equal radii and orientations, and θ θ I r ( , ) r , 2 represents a normalization factor equivalent to a completely random distribution of lattice orientations in real space. The value of C(Δr,Δθ) therefore indicates the correlation between probe locations, with observation probability units relative to a random distribution of orientations. Thus, each vertical slice in Fig. 4 represents a histogram of orientation differences at a given separation distance. The red end of the spectrum (C > 1) shows orientation differences that are more likely than average to occur. In contrast, the blue end of the spectrum shows angles that are less likely than average to occur-in the small fraction of cases when they do occur, it is probably across a grain boundary. Thus, the breakeven point between these two regions, shown as a dashed line in Fig. 4 , approximates the maximum orientation differences that can be tolerated within a single grain. The slope of this line is then related to the degree of curvature present within grains.
The autocorrelation of the T1 sample in Fig. 4a shows a smooth transition in both Δr and Δθ, with the spread of Δθ increasing almost linearly with increasing distance Δr. This feature corresponds to the slowly varying orientation of the lattice planes over large distances visible in Fig. 2e , and is shown in Fig. 4a by a dashed line drawn where the correlation is equal to a random distribution. By contrast, the T1 + DIO correlation plotted in Fig. 4b shows a sharp drop-off around Δθ = 15°, indicating that misorientations within most grains do not exceed that value. The secondary transition point seen on the T1 + DIO map at ~Δθ = 30° indicates that neighbouring and overlapping grains tend to have misorientations below 30-40° over all distances measured. This can also be seen by the dashed line in Fig. 4b , which shows only a small increase with distance, indicating that the grains do not contain the varying in-grain orientations measured in Fig. 4a . The in-grain lattice plane bending seen in the untreated sample's lattice is the result of a kinetically locked pseudo-phase, and is consistent with the observation that films without DIO dry much faster than ones with DIO 33, 34 . Figure 4c shows the correlation map of the primary lattice for the as-cast PBTTT sample. Beyond distances of Δr = 50 nm, no correlation is visible, which indicates that this sample is composed of small, randomly oriented grains. In comparison, the lattice plane correlation of the annealed PBTTT sample shown in Fig. 4d shows very long-range correlations, very similar to those measured for the T1 sample in Fig. 4a . This is unsurprising, given the morphological similarities of the structures measured in Figs. 2e and 3f . Similarly, the dashed line shown in Fig. 4d indicates that the grains have a slowly varying lattice orientation Δθ that is approximately linear with distance Δr. The correlation measurements in Fig. 4 demonstrate that much of a polymer sample's orientation and morphology can be summarized by correlation measurements, which could facilitate their comparison to deposition and growth models.
The ability to simultaneously obtain information at the nanometre scale and at the mesoscale up to several micrometres is a very advantageous feature of 4D-STEM over other traditional electron microscopy techniques 35 as charge transport in polymers notoriously depends on processes occurring at many length scales 36 . For instance, backbone flow field maps can be used as the starting point for realistic charge transport simulations, revealing what defects in the films give rise to bottlenecks 37 . We have successfully resolved and mapped the local crystalline nanostructure of two semiconducting small-molecule and polymer thin-film systems using the 4D-STEM technique. Exposure of the T1 system to DIO during casting dramatically alters the nanostructure of the resulting material, moving from a smectic liquid-crystal-like, continuous, smoothly twisting film to a partially segmented, overlapping discrete grain structure. In the PBTTT system, annealing led to a similar effect. The nanocrystalline morphologies of both systems have been analysed through automated algorithms to gain insight into the differences between the two structures and to relate the structure to the kinetic and energetic pathways of formation. The flexible nature of the 4D-STEM technique, as well as its ability to be applied to any semicrystalline or ordered organic material 38 , facilitate measurement and comparison of phase morphology in these organic materials at a spatial resolution not previously possible.
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Methods
Sample preparation and microscopy. T1 samples were dissolved in chlorobeneze (20 mg mL -1 at 60 °C). A 0.4% DIO solution was added to one of the samples before both were blade coated (35 mm s -1 ) onto a PEDOT:PSS coated silicon substrate (held at 35 °C). The PEDOT:PSS layer was dissolved in DI water and the film was delaminated onto the air/water interface. A loop tool was used to transfer the films to the TEM grid and the residual water was allowed to evaporate. The PBTTT (M n = 19 kDa, polydispersity index = 1.3) samples were prepared through spincasting. Silicon substrates with 200 nm thermal oxide were cleaned by sonicating in acetone, methanol and isopropanol for 15 min each. The substrates were then treated with an octyltrichlorosilane self-assembled monolayer after a 20 min ultraviolet-ozone exposure. Films of PBTTT were spincast from a 2 mg ml −1 solution in chlorobenzene. The solution was heated to 80 °C. The films were then spun at 800 r.p.m. for 1 min. Annealed films were heated for 2 h at 180 °C, then cooled on a steel heatsink. Spin-coating and annealing were performed in a nitrogen glovebox (O 2 of <1 ppm). Films were transferred onto ultrathin carbon/ lacey carbon TEM grids via liftoff in dilute hydrofluoric acid and floating onto a deionized water/air interface.
The nanodiffraction data sets were collected using a Gatan Orius chargecoupled device on an FEI TitanX microscope at 300 kV operated in STEM mode with a small convergence semi-angle of α = 0.48 mrad and a camera length of 380 mm. The Gaussian-shaped probe size was measured to be 2.0 nm at full-width at half-maximum (FWHM). Because the undiffracted central spot was needed for realignment of the diffraction patterns, and to avoid masking any diffraction spots, no beam stop was used. The spots on the diffraction patterns are large in part due to the relatively convergent nature of the beam and average ~24 pixels in diameter on the detector. Having large but non-overlapping spots on the diffraction pattern presents an advantage when performing template matching, as the locations of the spots can be determined quite robustly.
The samples were cooled with liquid N 2 to mitigate beam damage to the longrange order during data collection. Because beam exposure of an area destroys its crystallinity, locations for data collection were determined semi-blindly. The sample was surveyed in STEM diffraction mode until a place with strong lattice reflection spots was found, at which point the beam was blanked. The goniometer was then moved by a few micrometres away from the damaged area, and the 4D-STEM acquisition launched immediately after un-blanking the beam. Diffraction patterns were obtained at an empirically determined minimum step size of 10 nm over an area of 128 × 128 pixels, with an acquisition time of 33 ms. These parameters were empirically determined to provide the best signal-to-noise ratio on the diffraction patterns. Longer exposure times led to destruction of sample crystallinity. Shorter step sizes led the beam to prematurely damage areas that had yet to be sampled. Even though the probe size at FWHM was smaller than the 10 nm step size, the damage incurred by the secondary electrons as they percolate laterally through the sample and cause damage ahead of the probe put a limit on how close the probe locations could be without seeing the diffraction spots disappear.
The dose or fluence (in e − Å −2
) that the sample receives can be estimated using two approaches: (1) calculate the average dose over the entire scanned area or (2) calculate the dose as if all the beam current is spread over an area defined by the FWHM of the probe. Using the first method, a beam current of 5 pA with a step size of 10 nm and an exposure of 33 ms translates into an average dose of ~100 e − Å −2 for the nanobeam diffraction experiment in this work. A typical HAADF-STEM image of 50 pA, 12 μs dwell time and 2 Å pixel size corresponds to a dose of ~1,000 e − Å −2
. As compared with one STEM image, the nanobeam diffraction exposes the sample to an order of magnitude less dose. Using the second method, a beam current of 5 pA covering the area of a circle of 2 nm (FWHM of probe) with an exposure of 33 ms translates into a dose of ~3,000 e − Å −2 for the nanobeam experiment.
Data analysis. The 4D-STEM data were processed in Matlab to extract the diffraction spot positions at every pixel. The general peak finding method has been described in a previous publications 25, 39 . Because the 4D-STEM experiment covered a relatively large field of view, a small linear shift of the diffraction pattern was observed as a function of the probe x and y positions. This shift was measured by fitting the position of the unscattered centre disk in all diffraction images, which was set to the origin position (K x ,K y ) = 0 for each diffraction image. The centre disk was averaged (after correcting for origin shifts) and used as a template I ref (K x ,K y ) for hybrid correlation fitting of all scattered and unscattered Bragg disk positions in all images I(K x ,K y ), using the expression where local maxima of P(K x ,K y ) represent locations on each diffraction image where the template and the image have a good match. The minimum angular spacing where unique disks with the same diffraction length vector could be identified is ~5°. The radial bin width for selecting the d spacing was ±8.5% for the T1 molecule and ±10% for the PBTTT. Trace flow visualizations were made by propagating lines across the field of view. At each real space position r 1 a seed for every found orientation θ 1 is initiated and a line propagated (at a ±90° angle) to its adjoining pixel r 2 , wherein it takes on the orientation θ 2 of the orientation closest to θ 1 . The line is stopped if no close orientations are found, or if it overlaps with previously calculated flow lines (with a relative orientation Δθ < 5°) within a minimum distance of a few pixels. This procedure generates a field of approximately equally spaced flow lines, for all orientations detected in each diffraction image. It is also compatible with using multiple Bragg vector spacings, where the flow line spacing can be adjusted to accurately visualize the relative lattice spacings. Note that in the data sets analysed in this study, the π−π diffraction spacing was dominant, representing the vast majority of diffracted disk intensity.
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